Abstract Phytoextraction of Cd is a growing biotechnology although we currently know few Cd hyperaccumulators, i.e., plant species able to accumulate at least 0.1 mg Cd g −1 dry weight in aerial organs. Owing their deep root system and high biomass, trees are more and more preferred to herbaceous species for phytoextraction. Assuming that conifers could be relevant models under cold climates, we investigated cadmium tolerance of the hybrid larch Larix × eurolepis Henry (Larix decidua × Larix kaempferi) and the efficiency of this species to store this metal. In vitro grown larches were chosen in order to reduce time of exposure and to more rapidly evaluate their potential efficiency to accumulate Cd. One-monthold plantlets were exposed for 2 and 4 weeks to 250 and 500 μM Cd. Results showed that they tolerated a 4-week exposure to 250 μM Cd, whereas the content of photosynthetic pigment strongly dropped in plantlets growing in the presence of 500 μM Cd. In the presence of 250 μM Cd, shoot growth slightly decreased but photosynthetic pigment and total soluble carbohydrate contents were not modified and no lipid peroxidation was detected. In addition, these plantlets accumulated proline, particularly in shoots (two to three times more than control). In roots, Cd concentration in the intracellular fraction was always higher than in the cell wall fraction contrary to shoots where Cd concentration in the cell wall fraction increased with time and Cd concentration in the medium. In shoots, Cd concentration was lower than in roots with a ratio of 0.2 after 4 weeks of exposure but stayed around 0.2 mg g −1 dry weight, thus a value higher than the threshold requested for Cd hyperaccumulators. Hybrid larch would thus be a relevant candidate for field test of Cd phytoextraction.
Introduction
Trace elements (TEs) released by many human activities progressively entered the environment to the point that they are considered as a matter of ongoing concern. Contrary to organic pollutants such as pesticides, TEs are not biodegradable and thus accumulate in soils and waters with subsequent potential accumulation and poisoning along the trophic chain . TE can be removed from contaminated sites by phytoextraction. This ecofriendly technology consists in growing selected plant species on polluted sites . After plant harvest, the biomass is valorized in various sectors to reduce the cost of the process and TE can be concentrated and reused (Vigil et al. 2015) . This method is less expensive than the conventional one consisting in soil excavation, remote treatment, and waste management. Efficient phytoextraction requires plant species with high growth rate and biomass, deep root system, and high TE uptake capacity. In addition, these plants must be able to translocate TE to their aerial parts which can be eventually harvested and processed. Owing to their more developed root system and higher biomass, trees appear as better candidates than herbaceous species. Moreover, they can stay on the contaminated site for 3-5 years (short rotation coppice) without new plantings, thus reducing the cost of phytoextraction (Pulford and Watson 2003; Marmiroli et al. 2011) . Among the 550-600 currently known hyperaccumulators, less than 20 % are woody species (van der Ent et al. 2012; Saladin 2015) .
Cadmium is considered as one of the most toxic TE, and Cd-tolerant plant species are actually hard to find (Clemens 2006; Amouei et al. 2013) . Cadmium concentrations ranging from 3 to 10 mg kg −1 dry weight (DW) can cause leaf roll, chlorosis, water uptake disturbance, and stomatal closure (Balsberg Påhlsson 1989; Clemens 2006) . Cadmium can bind to sulfhydryl groups of proteins and inactivates thiol-dependent enzymes (DalCorso et al. 2008; Farid et al. 2013 ). In addition, Cd exhibits chemical similarities with other divalent cations, leading to mineral deficiency. Moreover, Cd generates oxidative stress characterized by an increased production of reactive oxygen species (ROS), particularly H 2 O 2 , that induces cell death associated with the disruption of membrane integrity (Gallego et al. 2012; Farid et al. 2013 ).
The term Bhyperaccumulator^qualifies plants which accumulate in their aerial parts at least 1 or 10 mg of most TE per gram of DW (Baker and Brooks 1989) . Around 20 Cd hyperaccumulators are currently known, but the few woody species of this group grow in tropical areas, thus limiting the candidates under temperate or cold climate (Saladin 2015 ). An emerging and efficient alternative for temperate climates is the use of non-hyperaccumulator trees with fast growing species such as willows or poplars (Fischerová et al. 2006; Zacchini et al. 2011; He et al. 2013) . Despite the fact that these trees are well adapted to various soil conditions, their growth can be strongly reduced in cold climates or on very acidic soils in contrast to conifers. Other tree species should thus be considered to enlarge the choice in relation to climate and soil characteristics.
The aims of this work are to study the effects of Cd on the hybrid larch (Larix × eurolepis) physiology and to evaluate the capacity of this tree to uptake Cd and to store it in aerial organs. Somatic embryos were grown in order to obtain in vitro clonal plantlets (Moussavou Moudouma et al. 2013; Lelu-Walter et al. 2015) . Indeed, in vitro model can be an interesting first step to select potential candidates as time and space for culture are reduced compared to field experiments (Di Lonardo et al. 2011) . In addition, the use of clonal material avoids genetic variation, and the observed effects are thus only due to the tested factors. Moreover, in vitro culture allows the testing of phytoextraction efficiency out of complex interferences between plants, microorganisms, climatic conditions, and soil type which influence TE bioavailability (Smykalova et al. 2010; Marmiroli et al. 2011) . Of course, these factors have to be taken into account to evaluate the actual efficiency of phytoextraction, but a first in vitro evaluation can be a fast tool to select plants with a long life cycle. A previous work showed that 1-month-old hybrid larch plantlets tolerated a Cd concentration as high as 1.5 mM in the culture medium during 1 week but plantlets began to turn yellow after 2 weeks of treatment (Moussavou Moudouma et al. 2013) . In this study, we thus used lower (but still high) concentrations of 250 and 500 μM Cd, and we exposed plantlets to Cd for longer time (2 and 4 weeks) in order to assess the tolerance of hybrid larch to this TE.
Materials and methods

Plant materials and growth conditions
Experiments were conducted at 24 ± 1°C with the N23 embryogenic line of the hybrid larch Larix × eurolepis (Larix decidua × Larix kaempferi) (Lelu-Walter and Pâques 2009). Embryonal masses were subcultured every 2 weeks in the dark at 25°C on proliferation medium that consisted in basal Murashige and Skoog medium modified with Glutamine (MSG) medium (Becwar et al. 1990) 
L -g l u t a m i n e , s u p p l e m e n t e d w i t h 9 μ M 2 , 4 -dichlorophenoxyacetic acid, 2.3 μM 6-benzylaminopurine, and 60 mM sucrose, and solidified with 4 g L −1 gellan gum. Somatic embryos germinated within 1 week and then developed into plantlets (i.e., germinated somatic embryos with aerial parts). ABA and L-glutamine were filter-sterilized and added to cooled autoclaved media.
Cadmium treatment
Four-week-old plantlets were transferred onto germination medium supplemented with 0, 250, or 500 μM CdSO 4 according to Moussavou Moudouma et al. (2013) . Plantlets were harvested after 2 and 4 weeks of Cd treatment. Roots were incubated for 20 min in 10 mM Na 2 -EDTA to desorb Cd from the root surface. Root and shoot fresh biomass was frozen in liquid N 2 and stored at −20°C until analysis. Dry weights were measured on samples dried in a ventilated oven at 80°C during 24 h.
Photosynthetic pigment determination
One hundred milligrams of fresh larch needles were ground at 4°C with 2 mL of 80 % (v/v) acetone and 0.5 % (w/v) MgCO 3 (Saladin et al. 2003a) . After centrifugation at 4°C for 15 min at 12,000×g, the supernatant was used to measure chlorophylls a and b as well as carotenoids by spectrophotometry at wavelengths of 663, 647, and 470 nm, respectively. Lichtenthaler equations were used to determine total chlorophyll and carotenoid levels (Lichtenthaler 1987) .
Total soluble carbohydrate and starch determination
Two hundred milligrams of fresh shoots and roots were ground at 4°C with 2 mL of 0.1 M phosphate buffer (pH 7.5). After centrifugation at 4°C and 12,000×g for 30 min, the supernatant was used for total soluble carbohydrate (TSC) assay whereas the pellet was dissolved at 60°C for 30 min in 1 mL of a solution containing 8 N dimethyl sulfoxide and 37 % HCl (4:1 v/v) for starch assay. TSCs and starch were quantified according to Saladin et al. (2003b and a, respectively) . TSCs were quantified by spectrophotometry at 625 nm after incubation at 100°C for 10 min of 0.2 mL sample with 1 mL reagent (0.1 % anthrone and 0.1 % thiourea in 12.5 N H 2 SO 4 ), whereas starch was quantified at 600 nm by mixing 0.1 mL sample at room temperature with 1 mL distilled water and 0.1 mL reagent (0.03 % I 2 and 0.06 % KI in 0.05 N HCl).
Total soluble protein, total free amino acid, free proline, and non-protein thiol determination
For total soluble protein assay, 200 mg of fresh shoots or roots were ground at 4°C with 2 mL of 0.1 M Tris base buffer (pH 8) containing 10 mM MgCl 2 and 5 mM EDTA (Moussavou Moudouma et al. 2013) . After centrifugation at 4°C and 12, 000×g for 30 min, supernatants were concentrated with Amicon Ultra-15 centrifugal filters (Millipore Corporation, USA). Protein assay was performed on concentrated supernatants according to the manufacturer's instructions (Bio-Rad Protein Assay, Bio-Rad, Germany). For quantification of total free amino acids (TFAAs), proline, and non-protein thiols (NPTs), 200 mg of fresh shoots or roots were ground with 2 mL of 10 % (w/v) trichloroacetic acid (TCA) containing 6.3 mM diethylenetriaminepentaacetic acid (DTPA). After centrifugation at 4°C and 12,000×g for 30 min, the supernatant was used for the three assays. TFAAs and proline were quantified according to Saladin et al. (2003b) . For TFAAs, 200 μL sample was mixed with 100 μL citrate buffer (0.2 M, pH 4.6) and 200 μL ninhydrin reagent (0.003 % ascorbic acid and 0.96 % ninhydrin in ethylene glycol monomethyl ether). After 20 min at 100°C, 600 μL ethanol (60 %) were added and absorbance was read at 570 nm. Proline was quantified by mixing 200 μL sample with 800 μL ninhydrin reagent (1 % ninhydrin in a 60 % acetic acid solution). After 20 min at 100°C, 1 mL toluene was added and absorbance was read at 520 nm. NPTs were measured with Ellman's reagent: 100 μL of supernatant was mixed at room temperature with 100 μL triethanolamine (50 % w/v), 800 μL phosphate buffer (0.1 M, pH 7.5) containing 6.3 mM DTPA, and 50 μL of 10 mM 5,5′-dithiobis-2-nitro-benzoic acid. Absorbance was read after 5 min at 412 nm, and cysteine was used as a standard.
Quantification of thiobarbituric acid reactive substances
The supernatant used for the assay was the same than for TFAA, proline, and NPT assay. Thiobarbituric acid reactive substances (TBARSs), a by-product of lipid peroxidation, were quantified by spectrophotometry after incubation at 95°C for 30 min of 200 μL samples with 800 μL of 20 % (w/v) TCA containing 0.5 % (w/v) 2-thiobarbituric acid according to Saladin et al. (2003b) . Absorbance was read at 532 nm and corrected by subtracting the value obtained at 600 nm (non-specific absorbance).
Cd quantification
One hundred milligrams of fresh roots and 200 mg of fresh shoots were ground with 5 mL deionized water and centrifuged at 20°C for 20 min at 8000×g. The supernatant (S1) was stored, and the pellet was successively suspended in 10 mL of 80 % ethanol for 1 h, 10 mL chloroform/methanol (2:1 v/v) for 15 min, and 10 mL acetone (twice) for 15 min. After each mix, samples were centrifuged and the supernatants were added to S1. The whole extract corresponded to the intracellular fraction, which was evaporated in a rotary evaporator to a final volume of 5 mL. After the last centrifugation, the pellet was subjected to acetone rinsing and filtration on nylon mesh filter (pore size 11 μm). The residue, dried during 24 h in an oven at 80°C, corresponded to the cell wall fraction. Cd content was measured for both intracellular and cell wall fraction according to Moussavou Moudouma et al. (2013) : samples were mixed with 6 mL of 69 % nitric acid and 2 mL of 30 % H 2 O 2 and digested under microwave exposure (Multiwave 3000, Anton Paar, France). Cd was then quantified by flame atomic absorbance spectrometer at 228.8 nm (SpectrAA 880Z, Varian, France). In addition, we calculated the translocation factor (TF), i.e., the ratio of shoot (needles and stem) Cd concentration to root Cd concentration (Bonet et al. 2015) .
Statistical analyses
All data are the mean of four independent experiments. Biomass measurements were done on 10 to 20 plants per independent experiment and per condition. Two-way ANOVA test was performed with PAST software (version 2.17) to analyze the effect of Cd treatment, the duration of exposure, and the interaction between both factors.
Results
Larch plantlet growth and carbon assimilation
After 2-week exposure to Cd, dry biomass of shoots (Fig. 1a) and roots (Fig. 1b) was not different from those of control plantlets. After 4-week exposure to 250 μM Cd, root biomass was not affected but aerial biomass was significantly reduced by 20 % compared to the control. In the presence of 500 μM Cd, aerial and underground biomasses were reduced by 33 and 28 %, respectively, in the same period. In parallel, we found a lower number of needles and shorter roots, but the water content was not modified (data not shown). The measurement of total chlorophyll ( Fig. 2a ) and total carotenoid (Fig. 2b ) contents showed that exposure to 250 μM Cd did not modify the concentration of these photosynthetic pigments in plantlets. A decrease in pigment content was observed after 2-week exposure to 500 μM Cd, but the difference was not significant compared to control. However, after 4 weeks, chlorophyll and carotenoid concentrations dramatically decreased by 65 and 60 %, respectively, compared to control. This decrease was easily seen as needles began to turn yellow. Results showed that total soluble carbohydrate (TSC) content was not significantly modified in the presence of Cd regardless to concentration, time of exposure, or organs (shoots or roots) (Fig. 2c, d ). In their aerial parts, plantlets exposed to 250 μM Cd had a starch content similar to that of the control whereas starch concentration significantly increased by 53 and 59 % after 2 and 4-week exposure to 500 μM Cd, respectively (Fig. 2e) . In roots, starch content was significantly reduced by 22-23 % after 2 and 4 weeks in the presence of 500 μM Cd (Fig. 2f) . Treatment with 250 μM Cd resulted in a transient decrease by 30 % after 2 weeks, but this difference vanished after 4 weeks.
Effect of Cd on nitrogen nutrition
Total soluble protein content was not significantly modified in aerial organs when plantlets were exposed to 250 μM Cd, whereas it decreased by 20 % after exposure to 500 μM Cd during 2 and 4 weeks (Fig. 3a) . In roots, the treatment with 500 μM Cd reduced the soluble protein concentration by 25 % after 2 and 4 weeks of exposure (Fig. 3b) . The 250 μM Cd treatment increased soluble protein concentration by 20 % after 2 weeks, but protein content was 20 % lower than control after 4 weeks of treatment. TFAA concentration was doubled after 2-week exposure to 250 μM Cd and increased by 37 % after 4 weeks, whereas it decreased by 36 % after 4 weeks in the presence of 500 μM Cd (Fig. 3c) . In roots, TFAA content was reduced by 47 and 41 % after 2 and 4-week exposure to experiment and per condition. Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001), and n.s. indicates no significant differences between treatments (t), durations of exposure (d), and interaction between both factors (t × d) 500 μM Cd, respectively, whereas no significant difference with control was recorded when plantlets were grown in the presence of 250 μM Cd (Fig. 3d) . Free proline significantly accumulated in shoots by factors 2.3 and 2.8 after 2 and 4-week exposure to 250 μM Cd, respectively (Fig. 3e ). This accumulation was less important with the 500 μM Cd treatment as proline concentration increased by a factor 1.6. In roots, the only significant difference compared to control was a transient 37 % increase after 2 weeks in the presence of 250 μM Cd (Fig. 3f) . Concerning NPT content, no significant difference between control and treated plantlets was observed in aerial organs (Fig. 3g) . In roots, Cd reduced NPT concentration by 33 and 54 % after 2 and 4 weeks in the presence of 500 μM Cd, respectively, whereas it decreased only after 4 weeks (by 33 %) on 250 μM Cd (Fig. 3h) .
Peroxidation level and Cd distribution in larch plantlet
Results showed that TBARS content was quite similar in control and Cd-exposed plantlets in both aerial and underground organs (Fig. 4a, b) . In shoots, Cd concentration in cell wall increased from 0.11 to 0.18 mg g −1 DW between 2 and 4-week exposure to 250 μM, whereas in the same time course, Cd concentration in the intracellular fraction remained constant around 0.2 mg g −1 DW (Fig. 5a ). In the presence of 500 μM Cd, shoot Cd concentration in the cell wall was more important than in the intracellular fraction. Indeed, Cd concentrations in cell wall and intracellular fractions were 0.33 and 0.21 mg g −1 DW, respectively, after 2 weeks and 0.37 and 0.26 mg g −1 DW after 4 weeks. Cd concentration was higher in roots than in shoots and much more important in the intracellular fraction than in cell wall, irrespective of Cd concentration or exposure time (Fig. 5b) . Cd concentration in the intracellular fraction increased from 0.8 to 1.2 mg g −1 DW after 2 and 4-week exposure to 250 μM Cd, respectively, and from 1.1 to 1.8 mg g −1 DW in the presence of 500 μM
Cd. Cd concentration in cell wall was around 0.14 and 0.1 mg g −1 DW in the presence of 250 and 500 μM Cd, respectively. The TF was around 0.3 for both treatments after 2 weeks and decreased after 4 weeks: it was 0.20 and 0.24 in Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001), and n.s. indicates no significant differences between treatments (t), durations of exposure (d), and interaction between both factors (t × d) the presence of 250 and 500 μM Cd, respectively. We estimated Cd repartition between shoots and roots and found that around 50 % of accumulated Cd was stored in shoots for both Cd conditions after 2 weeks. After 4 weeks, the percentage of Cd accumulated in shoots decreased as Cd concentration in roots increased faster than in shoots. Thus, after 4 weeks, the Cd amount in aerial organs corresponded to 30 and 40 % of total Cd accumulated in plantlets in the presence of 250 and 500 μM Cd, respectively.
Discussion
Results showed that a high concentration of 500 μM Cd began to slow down plantlet growth after 4 weeks of exposure: biomass of both shoots and roots was reduced by 30 % compared to control, and the photosynthetic pigment content dramatically decreased. However, TSC content remained close to control, and starch concentration increased in shoots whereas it decreased in roots. This suggests that carbohydrate Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001), and n.s. indicates no significant differences between treatments (t), durations of exposure (d), and interaction between both factors (t × d)
translocation from shoots to roots was slowed down maybe to maintain a high level of carbohydrates in aerial organs to protect as long as possible the photosynthetic apparatus which is more sensitive to Cd (Cho and Seo 2005) . Starch accumulation without perceptible decrease in TSC content has already been observed in vitro in grapevine in response to salt stress and in apple plantlets infected by pathogenic bacteria (Oliveira et al. 2009; Giorno et al. 2013) . Moreover, it is possible that plantlets absorbed soluble carbohydrates from the culture medium to maintain a high pool of carbohydrates as previously observed on in vitro grown grapevine exposed to flumioxazin, a herbicide altering photosynthesis activity (Saladin et al. 2003c ). Compared to exposure to 500 μM Cd, stress was less obvious when plantlets were exposed to 250 μM Cd for 4 weeks as only aerial biomass decreased whereas photosynthetic pigment, TSC, and shoot starch concentrations remained unchanged. The decrease in root starch level may be a first index of reserve hydrolysis to increase TSCs and counteract the stress generated by Cd. Cd exposure modified nitrogen nutrition in plantlets. Soluble protein concentration rapidly decreased when plantlets were grown in the presence of 500 μM Cd in both shoots and roots. It has been reported that Cd is involved in protein oxidation and cross-linking and inhibits enzyme activities (Farid et al. 2013) . In the present study, Cd probably generated protein degradation and/or slowing down of protein synthesis. When plantlets were exposed to 250 μM Cd, protein content was not modified in shoot, suggesting that plantlets can tolerate this Cd concentration. Protein level in roots decreased only after 4 weeks of exposure, after a 20 % transient increase that might indicate an induction of defense mechanisms after 2 weeks. An increase in total protein content has been observed in Sorghum bicolor exposed to Cd (Muratova et al. 2015) . Several proteins such as heat shock proteins, proteinases, pathogenesis-related proteins, or glutathione-Stransferases have been reported to be induced as a response to Cd (Tran and Popova 2013) . In addition to potential induction of defense proteins, our results showed that in the presence of this Cd concentration (250 μM), free proline content in roots was higher than control after 2 weeks of treatment and close to control after 4 weeks. Proline is not only an osmoprotectant but also a free radical and Cd scavenger, suggesting that roots enhanced defense pathways against oxidation and stimulated Cd chelation (Rai 2002; Szabados and Savouré 2010) . In roots of plantlets treated with 500 μM Cd, proline concentration remained close to control. Moreover, results showed that proline content in shoots was higher than in control and that this content was at the highest level when plantlets were exposed to 250 μM Cd, indicating that antioxidative defenses and/or Cd scavenging would be more efficient with this lower Cd concentration. In addition, in the presence of this Cd concentration, TFAA content in shoots was higher than in the control (without decrease of total protein content) contrary to what happened in the presence of 500 μM Cd, highlighting probably an increased biosynthesis of amino acids. It has been reported that a high content in foliar amino acids can play an important role in maintaining both chlorophyll synthesis and integrity of cell structure and can reduce DNA and RNA degradation caused by stress (Sadak et al. 2015) . According to the present study, it appears that the strategy of plantlets to counteract Cd stress was to stimulate nitrogen metabolism in order to maintain carbon metabolism and thus plant growth.
The NPT content mainly corresponds to the oligopeptides glutathione, an antioxidant compound, and phytochelatins which are molecules able to bind Cd via the sulfhydryl group of the cysteine residue (Yadav 2010) . Results showed that NPT content was not modified in shoots after Cd exposure and that a decrease occurred in roots after 2 weeks of exposure to 500 μM Cd and after 4 weeks in the presence of 250 μM Cd. This result suggests that NPTs would not be involved in defense against Cd in larch. We previously showed that NPT content as well as the ± standard error of four independent experiments. Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001), and n.s. indicates no significant differences between treatments (t), durations of exposure (d), and interaction between both factors (t × d)
activity of enzymes involved in glutathione and phytochelatin biosynthesis increased in both shoots and roots by a factor 1.5 to 1.8 when plantlets were exposed during 1 week to 1.5 mM Cd (Moussavou Moudouma et al. 2013) . It is thus possible that NPT synthesis is early and transiently stimulated in larch plantlets in response to Cd, but NPTs would not play a prominent role in long-term tolerance to this TE. However, Fernández et al. (2014a) showed that Dittrichia viscosa grown in vitro on a nutrient-rich culture medium and exposed to Cd exhibited lower NPT content (glutathione and phytochelatins) than plantlets grown on this culture medium diluted to 1/2 and to 1/4. The authors highlighted that mineral elements in the culture medium could interfere with Cd uptake and phytochelatin synthesis when their concentration was high. In our previous work (Moussavou Moudouma et al. 2013) , interferences were maybe quite low after 1 week of exposure to Cd, but in this present study, it is possible that the high nutrient concentration disturbed NPT synthesis. Furthermore, other molecules can be involved in Cd chelation such as organic acid or polyamines as reported in willow species by Zacchini et al. (2011) . In addition, it has been shown that Noccaea caerulescens, a Cd/Zn hyperaccumulator, does not stimulate phytochelatin synthesis but enhances the synthesis of antioxidant enzymes (Hernández-Allicia et al. 2006; Liu et al. 2008) . Our results suggest that larch tolerance can be explained by antioxidant defenses such as, for example, proline synthesis and maybe ligands other than phytochelatins. It has been reported that exogenous proline enhanced the tolerance to low temperature and NaCl of embryogenic cultures of hybrid larch, sitka spruce, and oak (Gleeson et al. 2004 ). Moreover, Gleeson et al. (2005) showed that a surexpression of pyrroline 5-carboxylate synthase in hybrid larch enhanced endogenous proline synthesis and resulted in higher tolerance to cold and salinity. This highlights the important role of proline in protecting larch against abiotic stress. In the present work, we showed that no lipid peroxidation occurred (TBARS level remained close to control values) indicating that under our experimental conditions, plantlets were able to counteract the Cdgenerated oxidative stress. The quantification of Cd showed that concentration was higher in roots than in shoots, a distribution that has often been observed in herbaceous as well as tree species, even in Cd hyperaccumulators (Fernández et al. 2008; Wang et al. 2008; Liu et al. 2009; Wu et al. 2010; Di Lonardo et al. 2011) . In roots, Cd concentration was much higher in the intracellular fraction than in the cell wall that may promote Cd transfer from roots to shoots. Cd which accumulates in the cell wall generally binds to cell wall components such as pectins and hemicellulose (Zhu et al. 2013) . Zhu et al. (2013) showed that an increase in hemicellulose content of root cell walls reduced the translocation of Cd from roots to shoots. In aerial organs of the hybrid larch, Cd concentration was always higher in cell wall when plantlets were exposed to 500 μM Cd, suggesting that cell wall may be an efficient storage compartment for Cd. Results showed that in the presence of 250 μM Cd, Cd concentration in shoots was first higher in the intracellular fraction (after 2 weeks) and then similar in both fractions (after 4 weeks). This confirmed the storage of Cd in cell wall when Cd concentration increased in aerial organs. A study on the Cd hyperaccumulator Impatiens walleriana showed similar Cd distribution, i.e., a lower cell wall accumulation of Cd in roots (compared to intracellular fraction) and a higher storage in this compartment in shoots (Lai 2015) . However, in other plants, cell wall is the main accumulation compartment for Cd in both roots and shoots from 50 to 60 % in rice (nonhyperaccumulator) (He et al. 2008; Liu et al. 2014) and Bechmeria nivea (Cd hyperaccumulator) (Wang et al. 2008) up to 95 % in the Cd hyperaccumulator D. viscosa (Fernández et al. 2014b) . Cd distribution between cell wall and Data are mean ± standard error of four independent experiments. Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001), and n.s. indicates no significant differences between treatments (t), durations of exposure (d), and interaction between both factors (t × d) for intracellular and cell wall Cd concentrations intracellular fraction would thus depend not only on the Cd concentration in soil but also on the plant species regardless of its level of Cd tolerance. Whatever the time of exposure and the Cd concentration in culture medium, Cd concentration in aerial organs of larch plantlets (0.2 to 0.3 mg g −1 DW) was higher than the threshold of 0.1 g kg −1 DW requested for Cd hyperaccumulators (Baker and Brooks 1989) . In a previous work, we showed that the growth of hybrid larch plantlets exposed to 1.5 mM Cd for 1 week was not modified (compared to control) and that plantlets exhibited a shoot Cd concentration of 0.21 mg g −1 DW (Moussavou Moudouma et al. 2013) . As plantlets began to turn yellow a couple of days later in response to this Cd exposure, Cd concentration probably increased in shoots and this concentration was toxic for plantlets. As growth was reduced and photosynthetic pigment content strongly decreased after 4 weeks on 500 μM Cd (but without increase in TBARS content), the beginning of toxicity caused by Cd could correspond to a Cd concentration in shoots slightly higher than 0.3 mg g −1 DW. The Cd concentrations we measured were within the same range as other values detected in tree species grown in vitro. Indeed, several clones of Betula celtiberica and Populus alba exhibited a Cd concentration in shoots between 0.3-0.4 and 0.3-0.6 mg Cd g −1 DW, respectively (Fernández et al. 2008; Di Lonardo et al. 2011 ). Our results indicated that larch was able to translocate Cd to shoots. However, TF was around 0.3 after 2 weeks of treatment and 0.2-0.24 after 4 weeks, indicating a slowdown of translocation. As a result, 50 % of total absorbed Cd accumulated in shoots after 2 weeks of exposure and 30 to 40 % after 4 weeks. A similar decrease in Cd translocation was observed by Wang et al. (2008) in B. nivea, and the authors suggested that this modification was related to internal barriers to protect aerial organs. In many hyperaccumulators, TF is equal to 1 or higher (Liu et al. 2009 ), but this was not currently the case for the larch plantlets. However, as previously mentioned, Cd concentration is often higher in roots than shoots, even for some Cd hyperaccumulators. For example, in vitro grown Prosopis laevigata seedlings exposed for 50 days to 0.3 and 0.65 mM Cd showed TF around 0.4 although this species is considered as a potential Cd hyperaccumulator (Buendía-González et al. 2010) .
Conclusion
We showed that hybrid larch plantlets were able to tolerate a high Cd concentration for at least 4 weeks and that proline may play an important role in this tolerance as antioxidant and/or Cd-chelating compound. Moreover, Cd concentration in roots was much higher in the intracellular fraction than in the cell wall, promoting a Cd translocation to shoots. In shoots, Cd concentration exceeded the threshold of Cd hyperaccumulators, indicating that hybrid larch may be a promising candidate for phytoextraction (despite the low TF compared with several Cd hyperaccumulators). However, Cd was freely bioavailable in the culture medium; thus, field tests are required to establish whether hybrid larch can be recommended for Cd phytoextraction. Indeed, there are complex interactions in field between root systems, microorganisms, soil, and climatic conditions. However, assisted phytoextraction with synthetic or natural amendments can be a good strategy to improve bioavailability of TE as well as nutrients and arbuscular mycorrhizal fungi.
